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ABSTRACT: The selenization of metallic Cu−Zn−Sn−Ge pre-
cursors is a promising route for the fabrication of low-cost and
eﬃcient kesterite thin-ﬁlm solar cells. Nowadays, eﬃciencies of
kesterite solar cells are still below 13%. For Cu(In,Ga)Se2 solar cells,
the formation of compositional gradients along the depth of the
absorber layer has been demonstrated to be a key requirement for
producing thin-ﬁlm solar cells with conversion eﬃciencies above the
22% level. No clear understanding has been reached so far about
how to produce these gradients in an eﬃcient manner for kesterite
compounds, but among the possible candidates, Ge arises as one of
the most promising ones. In the present work, we evaluate the
potential of incorporating Ge in Cu2ZnSnSe4 to produce composi-
tional gradients in kesterites. Synchrotron-based in situ energy-
dispersive X-ray diﬀraction and X-ray ﬂuorescence have been used to study the selenization of Cu−Zn−Sn−Ge metallic
precursors. We propose a reaction mechanism for the incorporation of Ge atoms into the kesterite lattice after the formation of
Cu2ZnSnSe4. Electron microscopy reveals that the annealing process leads to Cu2Zn(Sn,Ge)Se4 absorber layers with an increase
of Ge content toward the back contact with independence of the original location of Ge in the precursor layer. The eﬀect of the
Ge gradient on the optoelectronic properties of the absorber layer has been evaluated with room-temperature
cathodoluminescence. The implications of the results for the development of kesterite solar cells are discussed, with the aim
of encouraging new synthesis routes for compositionally graded absorbers.
1. INTRODUCTION
Recent developments in the ﬁeld of thin-ﬁlm solar cells based on
Cu(In,Ga)Se2 (CIGSe) have resulted in large progress in terms
of record performances in the lab with eﬃciencies exceeding
22%.1−3 These eﬃciency levels have been achieved through
producing absorber layers with a variable band gap along its
depth and with surface treatments.3 These band-gap variations in
CIGSe solar cells are achieved with synthesis processes designed
to result in compositionally graded absorber layers.1,2 The great
advantage of compositionally graded absorber layers is that, with
composition, the position of the valence band and the
conduction band can be modiﬁed along the thin ﬁlm to
minimize recombination losses and improve the performance of
the solar cells.1,4 An increased concentration of Ga in CIGSe
toward the back contact helps in driving the photogenerated
minority carriers to the heterojunction and reduces their
recombination at the back contact. In CIGSe, this type of
gradient leads to substantial improvements of open-circuit
voltage (Voc) and charge carrier collection.
4,5
Current eﬃciency levels of kesterites are below 13%,6 because
of short minority carrier lifetimes in the sub-nano-second
regime.7 Kesterite compounds like Cu2Zn(Sn,Ge)(S,Se)4 as
absorber for thin-ﬁlm solar cells have the potential to contribute
to the increase of solar energy in large volumes using earth-
abundant elements such as Sn and Zn. The capability of these
compounds to host various elements in the same atomic
position, such as Sn and Ge in Cu2Zn(Sn,Ge)Se4 (CZTGeSe),
allows tuning of the band gap of the compound by varying the
composition similar to CIGSe. The band gap of these
compounds is found to increase from ∼1.0 eV for Cu2ZnSnSe4
(CZTSe)8 to∼1.4 eV for Cu2ZnGeSe4,
9,10 and both crystallize in
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the kesterite-type structure.11,12 With synthesis of the solid
solution CZTGeSe and tuning of the [Sn]/[Ge] ratio, the band-
gap energy of the compounds can be varied almost linearly with
composition.10,13 This band-gap variation is expected to occur
mainly by changes in the energy position of the conduction band
minimum (CBM). This is because the CBM is mainly derived
from the Ge or Sn 4s and the Se p states, and the valence band
maximum (VBM) is derived from the hybridization of Cu 3d and
Se p states;9 i.e., the CBM position can be potentially tuned
within the absorber layer by controlling the depth distribution of
Sn and Ge.14
In kesterites, the formation and control of band-gap gradients
by varying the anion composition (S and Se) has been identiﬁed
as a challenging task.15 Sulfur enrichment at the surface has been
accomplished in a two-stage process resulting in large gains of
open-circuit voltage Voc and eﬃciencies of more than 12% owing
to a band-gap increase near the heterojunction interface.16,17
Several groups have reported substantial improvements in the
performance of CZTSe solar cells by the incorporation of Ge.
These improvements are mainly driven by (1) increased Voc and
ﬁll factor (FF) values,13,18−24 (2) improved charged carrier
collection,13,18,19 and (3) longer decay times in time-resolved
photoluminescence (TRPL) measurements.13,23 However, the
reasons for these improvements have rarely been attributed to a
compositional gradient along the ﬁlm. Instead, these improve-
ments have been associated with other eﬀects such as (a)
reduction of the concentration of deep defects,18 (b) improved
crystallinity,18,19 (c) reduction of band tailing,23 and (d) better
control of elemental losses.13
To be able to optimize synthesis routes for the fabrication of
gradedCZT(Ge)Se absorber layers such as what is found in high-
eﬃciency CIGSe solar cells,1 it is crucial to understand the
chemistry and dynamics of Ge in kesterite compounds. Initial
studies in the formation of Ge−Sn-graded CZTGS absorbers
from nanocrystal precursors have been reported by Kim et al.25
Depletion of Ge toward the surface25 or Ge accumulation toward
the back contact has been observed.13 However, the mechanism
of formation of the Ge−Sn gradient during annealing remains
unclear. In this paper, the mechanism behind the synthesis of
Sn−Ge compositionally graded kesterite absorbers is studied by
in situ energy-dispersive X-ray diﬀraction and X-ray ﬂuorescence
(EDXRD/XRF) which allows time resolutions of one spectrum
every three seconds. The results presented here provide insights
in the chemistry of the Ge incorporation in CZTSe and the
gradient formation.
2. EXPERIMENTAL SECTION
Cu/Sn/Cu/Zn metallic stacks were sputtered on Mo-coated soda lime
glass substrates with compositional ratios of [Cu]/([Zn] + [Sn]) = 0.75
and [Zn]/[Sn] = 1.20 as determined with calibrated X-ray ﬂuorescence
(XRF, Fischerscope XVD).18 An additional set of precursors were
prepared with a 50 nm thick Ge layer thermally evaporated on top of the
Cu/Sn/Cu/Zn metallic stacks.19 The evaporation was performed in an
Oerlikon Univex 250. For an understanding of the growth mechanisms
of kesterite compounds in the presence of Ge, diﬀerent selenization
processes were performed using a Cu/Sn/Cu/Zn stack with and
without a 50 nm Ge layer on top of the precursor.
The precursors were annealed in selenium vapor inside a cylindrical
graphite reaction box (reactor) placed inside a vacuum chamber.26 For
the reactive annealing, 200 mg of Se pellets was placed in a ceramic
crucible next to the sample. The reactor was sealed with a motorized
valve at a pressure of ∼10−4 mbar and heated by halogen lamps. The
temperature of the processes was controlled and recorded with a
thermocouple located 5 mm above the sample. The heating rate was set
to 20 K/min which is similar to rates found for conventional tube
furnaces. A two-step selenization process similar to the one used for
fabricating solar cells with eﬃciencies over 10% was studied, with a ﬁrst
dwelling step at 400 °C for 30 min and a second one at 500 °C for 15
min.19 The temperature proﬁle for this process is shown in Figure 1a.
For evaluation of shorter selenization times, an additional Cu/Sn/Cu/
Zn/Ge sample was studied with a single heating ramp (20 K/min) up to
500 °C and a dwell time of 10 min. During the cool-down step, the
reactor valve was opened for 5 min at 350 °C to remove potential
residual vapor phases.
The annealing chamber26 was coupled to the polychromatic EDDI
beamline27 of the BESSY II synchrotron facility. During the annealing,
diﬀraction and ﬂuorescence signals were recorded in an energy-
dispersive high-purity Ge detector under a scattering angle of 2θ = 3.041
° ± 0.002. The relationship between the lattice plane spacing dhkl of a
crystalline phase and the photon energy Ehkl of the corresponding
diﬀraction line follows the energy-dispersive Bragg law Ehkl = hc / (2dhkl
sin θ), where h is Planck’s constant and c the speed of light.
Elemental distributions weremeasured bymeans of energy-dispersive
X-ray spectroscopy (EDX) conducted in a Zeiss Ultraplus scanning
electron microscope equipped with an Oxford Instruments XMax 80
mm2 silicon drift detector on polished cross-sectional samples. For EDX
elemental-distribution maps (net counts), 7 kV acceleration voltage and
90 pA probe current were used.
Cathodoluminescence (CL) hyperspectral maps were measured with
a Zeiss Merlin SEM instrument equipped with a Delmic Sparc CL
detection system. Point exposure time on the InGaAs array detector was
3 s for a 10 kV acceleration voltage and a 10 nA beam current.
Figure 1. (a) Substrate temperature during the process. (b) Color-
coded representation of the EDXRD/XRF intensities as a function of
photon energy and process time recorded during the selenization of a
metallic Cu/Sn/Cu/Zn/Ge stack. The right axis shows the lattice plane
distance d calculated from the photon energy values using the Bragg
equation. The Mo, Sn, and Se ﬂuorescence signals and the reﬂections of
the following phases are indicated in the plot: CuSe (PDF 86-1239),
Cu2−xSe (PDF 073-2712), CZTSe (PDF 070-8930), SnSe2 (PDF 01-
089-2939), Sn (PDF 01-086-2266), Cu5Sn6 (PDF 01-072-8761), and
GeSe (PDF 01-071-4730).
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3. RESULTS AND DISCUSSION
3.1. Real-Time Phase Analysis. 3.1.1. Selenization of the
Metallic Precursor and Formation of the Kesterite Phase.
EDXRD/XRF data recorded during the two-step selenization of
the sample with a 50 nm Ge capping layer are shown in Figure 1.
The plot shows color-coded diﬀraction and ﬂuorescence signals
as a function of photon energy, lattice plane distance d, and
process time t. (A similar plot for the sample without Ge can be
found in the Supporting Information, Figure S1.)
At the beginning of the process (t0, Figure 1), a diﬀraction
signal of the metal precursor (overlapping peaks of Sn and
Cu5Sn6) can be observed at around 40 keV, along with the
ﬂuorescence signals of Se, Mo, and Sn. The diﬀraction signal of
the metal precursor starts to vanish at temperatures around the
melting point of Sn ∼ 231 °C (15 min process time).28 Shortly
after this, the ﬂuorescence signals of Se start to appear, indicating
the beginning of the ﬁrst reactions with Se in the ﬁlm. As the Se
ﬂuorescence signals increase in intensity, the Mo signals
decrease. This can be explained by the attenuation of these
signals due to the Se incorporation.
The ﬁrst crystalline binary phase observed is CuSe (PDF 86-
1239)29 which can be tracked by the 006 reﬂection appearing at
around 39 keV. This signal disappears at ∼340 °C (20 min
process time). At this time, a reﬂection corresponding to the
Cu2−xSe (PDF 073-2712) phase arises at photon energies around
35 keV. Simultaneously, a diﬀraction signal near the expected
position of CZTSe 112 at 35.5 keV appears, indicating the initial
formation of the CZT(Ge)Se phase. While this reﬂection cannot
be unambiguously attributed to kesterite because of similar peak
positions of CT(Ge)Se and ZnSe, the simultaneous rising of the
peak near the position of CZT(Ge)Se 101 (23 keV) conﬁrms the
formation of the kesterite phase.30
The early formation of Cu−Se binaries has been proposed to
be promoted by a fast diﬀusion of Cu toward the surface of the
ﬁlm compared to the other elements.30 This mechanism has also
Figure 2. Plots related to (a, c, e, g) the selenization process of the Cu/Sn/Cu/Zn/Ge stack and (b, d, f and h) the selenization of the Cu/Sn/Cu/Zn
stack. All plots are a function of the process time (x-axis). (a, b) Temperatures measured for the selenization processes. (c, d)Magniﬁcation of the color-
coded EDXRD signals with photon energies from 38 to 42 keV. (e, f) Calculated lattice plane distance (dark blue: left y-axis) and the width (red: right y-
axis) of the CZT(Ge)Se 112 diﬀraction signal. (g, h) Values of the area of the 001 SnSe2 diﬀraction signal (light blue: left y-axis) and the Sn Kα
ﬂuorescence (gray: right y-axis).
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been proposed for CIGSe where Cu has a higher diﬀusivity than
In and Ga and reaches the surface of the ﬁlm where it starts
reacting with the Se vapor.31
Slightly after the appearance of the diﬀraction signal of
CZT(Ge)Se 112, a broad double peak feature emerges at 39 keV
at around ∼380 °C (t1 = 22 min; Figures 1 and 2). These two
peaks can be attributed to the reﬂections of GeSe 200 (PDF 01-
071-4730) and SnSe2 101 (PDF 01-089-2939) and are present
during the entire dwell time at 400 °C. Figure 2c,d shows a
magniﬁcation of the double peak feature for the sample with 50
nm of Ge added and without Ge for comparison. For the sample
without Ge, the double shoulder peak cannot be seen, and just a
low-intensity peak at around 40 keV is present (Figure 2d),
conﬁrming that for the sample with Ge the low-energy side of the
double peak arose from a Ge-containing phase (Figure 2c).
Without loss of Sn, the presence of Sn−Se binary phases is
expected considering that the precursors used for this study have
Cu-poor composition.32
3.1.2. Ge Incorporation and SnSe2 Segregation. At∼475 °C
in the second ramping step, the signal of the 200 reﬂection of
GeSe vanishes (t2 = 57min; see Figures 1 and 2). Simultaneously,
the intensity of a previously faint signal at 19 keV attributed to
SnSe2 001 increases substantially (as shown in Figure 1),
indicating the segregation of this phase. The evolution of the
integral intensity of this reﬂection is plotted in Figure 2g. In
contrast, an increase in intensity of this signal is not observed for
the selenization of the Cu/Sn/Cu/Zn sample without Ge
(Figure 2h). Interestingly, for the sample with Ge, the SnSe2 101
reﬂection (∼40 keV, Figure 2c) does not show such an increase
in intensity at t2 = 57 min as observed for the 001 SnSe2 signal,
suggesting that the segregated phase exhibits strong preferential
orientation. Figure 2g,h also shows the evolution of the Sn Kα
ﬂuorescence signal. For the sample with Ge, a clear decrease in
the Sn Kα intensity can be seen as the 001 SnSe2 signal decreases
during the dwell time at 500 °C. The parallel decline indicates
that the Sn loss occurring in this sample mainly arises from the
SnSe2 phase. Sn loss is a mechanism which has been studied in
kesterites, and has been associated with processes with longer
dwelling times and where the Se partial pressure was low.33−36
The poor capability of the annealing reactors to maintain high S
and Se partial pressure with time due to leakage or vapor
absorption in the reactor walls has also been associated with Sn
loss.37 The evaporation of SnSe2 occurs incongruently as
represented by eqs 1 and 2.38 Under high Se partial pressure,
SnSe2 would be stabilized as eq 1 would proceed toward the left-
hand side. The decrease of the intensity of the SnSe2 reﬂection
indicates a decrease of the Se partial pressure in the system,
similarly observed for SnS2 by in situ Raman spectroscopy
measurements.37
↔ +
x
SnSe (s) SnSe(s)
1
Se (g)x2 (1)
↔SnSe(s) SnSe(g) (2)
For a study of the incorporation of Ge into the kesterite phase,
the calculated peak width and the lattice plane distances of the
112 reﬂection of the CZT(Ge)Se phases of the samples with and
without Ge are shown in Figure 2e,f, respectively. During the 400
°C step of the annealing process, the d values of CZT(Ge)Se 112
for both samples are very similar, with slightly smaller values for
the Ge-containing sample (Figure 2e), suggesting that the
amount of Ge incorporated into the tetragonal CZT(Ge)Se
structure is rather small at this stage. However, during the
transition at t2 = 57 min where the GeSe reﬂection vanishes and
SnSe2 segregates, a steep decrease of d for the sample with 50 nm
of Ge occurs (Figure 2e). This shift is not observed in the sample
without Ge, implying that the decrease is due to the
incorporation of Ge into the CZT(Ge)Se lattice.
Ge atoms, which are smaller than Sn, occupy Sn positions in
the kesterite-type structure, inducing a decrease of the lattice
plane distance d.10 The detection of the SnSe2 101 signal prior to
the incorporation of Ge at t2 = 57 min suggests that the CZTSe
lattice is saturated with Sn. For the incorporation of Ge atoms
into the CZTSe lattice, Sn atoms would need to leave the
structure. We propose that the replacement of Sn by Ge in the
kesterite structure leads to the further segregation of SnSe2
observed by the increased intensity of the SnSe2 001 signal, as
discussed in Section 3.3.
Broadening of a diﬀraction peak can arise from diﬀerent
sources such as low values of the domain size, increase of
microstrain,39,40 or compositional gradients.41 At the point
where the CZT(Ge)Se 112 signal shifts to lower d values,
indicating incorporation of Ge (t2 = 57min; Figure 2e), the width
of the 112 peak clearly increases. Figure 3 shows the diﬀraction
signal of the 112 of the CZT(Ge)Se phase before (400 °C, 40
min) and after (500 °C, 60 min) the Ge incorporation. The
widening of the peak is asymmetric and more pronounced at the
high-energy side. This asymmetric broadening can be explained
by the formation of domains which have higher Ge concentration
and therefore lower d values than the main part of the ﬁlm. In
Figure 2e it can be seen that, after the Ge incorporation, detected
by the shift of the 112 peak to lower d values, the broadening of
the peak achieves its maximum, and then, it decreases
progressively during the 500 °C dwell time. This decrease of
the width of the peaks is correlated with an increase of d. Both
variations can be explained by the interdiﬀusion of Ge and Sn
which leads to a decrease of the Ge/Sn gradient in the CZTGeSe
phase. However, the ﬁnal width of the peak is still signiﬁcantly
broader (∼0.23 keV) and more asymmetric compared to that of
the reference sample without Ge (∼0.18 keV). This diﬀerence in
widths suggests that a compositional gradient still exists at the
end of the process, which is analyzed in more detail in the next
section.
3.2. Microstructural and Chemical Distribution. For
conﬁrmation and improvement of the understanding of the
SnSe2 segregation due to Ge incorporation in the CZTS(Ge)Se
lattice, a selenization process with a single annealing step at 500
°C for 10 min was performed with a Cu/Sn/Cu/Zn/Ge stack.
The qualitative phase evolution of this process observed by
EDXRD/XRF was similar to the one shown in Figure 1 (see the
Figure 3. CZT(Ge)Se phase 112 reﬂection of the Cu/Sn/Cu/Zn/Ge
stack at 400 °C, 40 min (black); and 500 °C, 60 min (blue).
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Supporting Information, Figure S2). However, the total
disappearance of the SnSe2 001 signal could not be observed
here, indicating that a Se pressure high enough to prevent the
decomposition of SnSe2 to SnSe + Se (eq 1) was maintained
throughout the process. During the one-step selenization, the
total time at temperatures where the Se is in vapor phase was
shorter (10 min at 500 °C) than in the two step processes
presented in Figures 1 and 2 (30min at 400 °C and 15min at 500
°C). Therefore, a higher Se pressure at the end of the one-step
process is expected.
For evaluation of the chemical distribution of the ﬁlms after
annealing, cross-sectional SEM images and EDX compositional
maps were acquired for the samples with Ge from both annealing
processes (two steps, 30 min at 400 °C, 15 min at 500 °C; and
one step, 10 min at 500 °C) which are shown in Figure 4. In the
sample annealed with a single step at 500 °C, an increase of Sn
and Se counts in certain regions near the back contacts can be
observed. In those locations there are no Ge counts, leading to
the conclusion that these are the regions where the accumulation
of SnSe2 occurred. In the vicinity of the SnSe2 phase, an increase
of counts of Ge can be seen. This supports our previous
assumption that SnSe2 forms during the incorporation of Ge into
the CZTSe lattice by replacement of Sn. The Ge counts are
signiﬁcantly reduced toward the surface of the ﬁlm as shown in
the [Ge]/([Ge] + [Sn]) proﬁles depicted in Figure 4d.
For the sample annealed with the two-step process, no
accumulation of SnSe2 can be observed as expected from the
EDXRD data. The distribution of Ge counts is also increased
toward the back contact (see Figure 4h), showing that the Ge/Sn
gradient proposed in the previous section due to the peak
widening occurs in the vertical direction (normal to the sample
substrate). Also, voids in the interface with the back contact can
be seen. The voids can be a consequence of the loss of SnSe2
observed in the in situ EDXRD/XRF data.
Figure 4. Secondary electron (SE) image and elemental EDXmaps and line-scans showing the evolution of the normalized [Ge]/([Ge] + [Sn]) ratio for
the Cu/Zn/Sn/Ge samples selenized with (a−d) one step, 10 min at 500 °C; and (e−h) two steps, 30 min at 400 °C, and 15 min at 500 °C. The dotted
lines in parts a and e represent the regions where the line-scans were performed. The shadowed areas in parts d and h represent the back contact region.
Figure 5. Schematic model showing the incorporation of Ge in CZTSe and the segregation of SnSe2. The model also illustrates a potential route for
SnSe2 loss, void formation, and Ge−Sn interdiﬀusion in the CZT(Ge)Se grains. In the sketch, T and t stand for temperature and time, respectively.
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3.3. Growth Mechanism and Ge−Sn Interdiﬀusion. On
the basis of in situ EDXRD/XRF measurements and the results
of the morphological and chemical analysis, we propose a
mechanism for the Ge incorporation into the CZT(Ge)Se lattice
for the type of samples and processes used in this study. This
mechanism is schematically depicted in Figure 5. As previously
observed for the selenization of Cu−Zn−Sn−S nanoparticle
precursors, the formation of Cu−Se phases precedes the
formation of CZT(Ge)Se.30,42 The formation of CZTSe, with
barely any incorporation of Ge in the lattice; GeSe; and a small
amount of SnSe2 occurs at temperatures around 380 °C (Figure
5a). In the temperature range 380−475 °C, CZTSe coexists with
GeSe and some traces of SnSe2. At around 475 °C, GeSe reacts
with CZTSe forming CZTGeSe and segregating SnSe2 (Figure
5b) as described by eq 3 where x is equivalent to the [Ge]/([Ge]
+ [Sn]) ratio in the CZTGeSe compound formed.
+ +
⎯ →⎯⎯⎯⎯⎯⎯⎯⎯⎯ +± ° −
x
x
x
Cu ZnSnSe GeSe
2
Se (g)
Cu Zn(Sn , Ge )Se SnSex x
2 4 2
475 10 C
2 1 4 2 (3)
The reaction is adjusted under the assumption that the
number of moles of GeSe incorporated to the CZT(Ge)Se phase
is equal to the number of moles of SnSe2 segregated. If the sample
is annealed at a high temperature, loss of SnSe2 with time can be
observed, resulting in the formation of voids (Figure 5c). The
segregation of SnSe2 could possibly be avoided by reducing the
amount of Sn deposited in the precursor. This could also have the
implication that the CZTSe phase formed at around 380 °C
grows in a Cu-rich regime, since the Cu/Sn ratio would be
increased. The consequences of growing the absorber in a Cu-
rich regime are still unclear and require further studies.
EDX and SEM analysis suggests that eq 3 takes place near the
back contact, where the segregation of the textured SnSe2 occurs
and where the Ge accumulation is observed. A key question for
the understanding of the formation of the Ge gradient is how the
Gemoves from the surface of the original precursor to the back of
the ﬁlm. The real-time measurements showed that the ﬁrst
selenide that forms is Cu−Se, followed by Ge-poor CZTSe
(possibly also ZnSe or Cu2SnSe3). Only then, the Ge reacts with
Se to formGeSe. We conclude that the formations of Cu−Se and
CZTSe are enabled by the up-diﬀusion of Cu and subsequently
Zn and Sn toward the surface to react with Se from the gas phase,
which has been also observed for the selenization of CZTS
nanoparticles.30 This means that Cu, Zn, and Sn diﬀuse through
the Ge layer which leads to an eﬀective downward movement of
Ge. If instead we would assume that Se diﬀuses into the ﬁlm to
form Cu−Se and CZTSe while Ge stays at the surface, the
formation of Ge−Se would be expected as the ﬁrst reaction.
However, the real-time measurements show that GeSe forms in a
later stage. This reaction is similar to the selenization of metallic
Cu−In−Ga precursors, where ﬁrst Cu and In react with Se to
form Cu−Se, In−Se, and ﬁnally CuInSe2 on top of the remaining
Ga, leading to accumulation of Ga at the back of the ﬁlm.31
At the boundaries where eq 3 takes place, the CZTGeSe
domains have a higher Ge/(Ge + Sn) ratio than at the surface of
the ﬁlm (Figure 4). After the reaction occurs, the Ge atoms can
diﬀuse in the CZT(Ge)Se grains, increasing the [Ge]/([Ge] +
[Sn]) ratio toward the surface. According to the evaluation of the
evolution of the 112 CZT(Ge)Se peak width (Figure 2e), the
Sn−Ge interdiﬀusion occurs for around 10 min until the
decrease of the peak width saturates. This ﬁnding indicates that
the ﬁnal compositional proﬁle has been reached.
3.4. Implications for Kesterite Solar Cells and Recom-
mendations for Synthesis and Characterization. The
results presented in the previous sections clearly demonstrate
that during selenization a Sn−Ge gradient with increasing Ge
concentration toward the backside of the ﬁlm forms, even though
the Ge was deposited on the precursor surface. The beneﬁcial
eﬀects observed in some Ge-incorporated kesterite absorbers in
the literature might also be related to this eﬀect. Bearing this in
mind, we suggest that future research should strongly consider
the phenomenon of Sn−Ge compositional gradients, and careful
characterization of elemental depth proﬁles is highly encouraged
to support the interpretation of the optoelectronic properties of
the samples.
The inﬂuence of the Ge-to-Sn ratio on the optoelectronic
properties of the sample selenized with one step and 10 min at
500 °C was evaluated with CL at room temperature at the cross
section of the ﬁlm. The evolution of the CL spectra as a function
of depth of the absorber layer is depicted in Figure 6a. The
intensity of the CL signal is represented in the inset of the ﬁgure
overlaid with the SEM image as green. No CL signal could be
detected in the region with increased Ge concentration and
where the segregation of SnSe2 occurs. We speculate that the
decrease in luminescence in this region could be due to several
factors, for example, (1) decrease in carrier concentration in this
region, which has been observed in the literature in Ge-rich
kesterites18 and thus aﬀects the luminescence yield;43 and (2)
carrier losses due to the presence of SnSe2 in this region, shown
Figure 6. (a) Cathodoluminescence (CL) spectra acquired in a line-scan (dotted arrow in the inset) of the cross-sectional view of the sample selenized
with one step, 10 min at 500 °C. An arrow is depicted for visual guidance of the evolution of the maxima of the CL spectra from the back surface to the
top surface of the ﬁlm. The inset shows an SE image of the cross section of the sample overlaid with the CL signal acquired (in green). (b) CL peak
position and Eg calculated from the compositional gradient as a function of the distance from the back contact.
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to be detrimental for the performance of kesterite solar cells.44 A
red-shift of the maxima of the CL spectra can be observed as the
signal originates from the middle of the ﬁlm (1 μm) toward the
top surface of the ﬁlm. This demonstrates the inﬂuence of the
compositional gradient on the optoelectronic properties of the
absorber layer (Figure 6b). For visual comparison, the band-gap
(Eg) values calculated from the EDX signals scaled to an average
value of [Ge]/([Ge] + [Sn]) = 0.11 as measured by XRF in an
absorber layer processed with an identical precursor are also
shown in Figure 6b.18 The XRF measurement is also in good
agreement with the average composition calculated from the
EDXRD data (see the Supporting Information, Figure S3). For
the Eg calculation from the composition, a band gap of 1.0 eV is
assumed for Cu2ZnSnSe4 and 1.4 eV for Cu2ZnGeSe4 with a
linear increase with Ge content9 and error bars with an amplitude
of 40 meV to account for variations of band gap with Cu
concentration.45 The ﬁgure shows that within the error bars the
gradient of the CL peak position corresponds to the Eg gradient
derived from the Ge and Sn distributions.
This work demonstrates that absorber layers with increasedGe
concentration toward the back contact are obtained even if Ge is
deposited at the top of the precursor layers without the need of a
preliminary design of the elemental distribution as attempted by
other groups.25 By analogy with the knowledge developed for
Ga−In dynamics in CIGSe, it can be expected that, in addition to
increasing the temperature and annealing time, the use of Se-
containing precursors might help promote the Sn−Ge
interdiﬀusion.46 Future research should focus on how to
manipulate the Sn−Ge gradient to optimize the optoelectronic
properties of the absorber layer.
4. CONCLUSION
We studied the formation mechanism of CZT(Ge)Se absorber
layers through selenization of metallic precursors via in situ
EDXRD/XRF and propose a reaction mechanism that explains
the incorporation of Ge and segregation of SnSe2. The
incorporation of Ge occurs after an initial formation of CZTSe.
CZTSe reacts with GeSe to form CZTGeSe and SnSe2 at around
475 °C. Our results show that the reaction occurs near the back
contact, inducing compositional Sn−Ge gradients in the ﬁlm.
The inﬂuence of the gradient on the optoelectronic properties
has been evaluated with CL showing a gradual red-shift of the
emission toward the surface of the ﬁlm as the Ge content
decreases. These compositional gradients could be used for back
contact interface passivation and to reduce recombination
mechanisms in kesterite absorber layers.
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